Background We investigated whether GKN1, a gastric tumor suppressor, contributes to the progression of gastric cancer by regulating RhoA expression. Methods We analyzed the expression of GKN1, RhoA, miR-185, and miR-34a in 35 gastric cancer tissues, and compared their expression with T category and TNM stage. Cell migration and invasion, as well as the expression of epithelial-to-mesenchymal transition (EMT)-related proteins, were assessed in GKN1-and RhoA small interfering RNA (siRhoA)-transfected and recombinant-GKN1-treated AGS and MKN1 gastric cancer cells. Results Expression of RhoA protein and messenger RNA (mRNA) was increased in 15 (42.9 %) and 17 (48.6 %) of 35 gastric cancer tissues respectively, and was associated with higher T category and TNM stage. GKN1 expression was significantly decreased in 27 gastric cancers (77.1 %) with a higher T category, and was inversely correlated with RhoA mRNA expression. In AGS and MKN1 cells, GKN1 expression increased miR-185 and miR-34a expression and reduced RhoA mRNA and protein expression. A positive relationship between GKN1 and miR-34a and miR-185 expression and an inverse relationship between miR-34a and RhoA expression were observed in gastric cancer tissues. Cell migration and invasiveness were markedly decreased in GKN1-and siRhoA-transfected cells. GKN1 expression and silencing of RhoA decreased the expression of the proteins Snail, Slug, and vimentin. Furthermore, miR-185 and miR-34a silencing in MKN1 cells transfected with GKN1 stimulated cell migration and invasion, and increased the expression of EMT-related proteins. Conclusion Our data suggest that GKN1 may inhibit gastric cancer cell migration and invasion by downregulating RhoA expression in a miR-185-and miR-34a-dependent manner.
Introduction
Gastric cancer is the leading cause of cancer death in the world, with an estimated 723,000 deaths in 2012, accounting for 8.8 % of total deaths from cancer [1, 2] . In spite of improving surgical resection in the early stages of the disease, the prognosis of patients with gastric cancer remains poor, due to resistance to traditional therapies and metastasis [3, 4] . Therefore, understanding the molecular mechanisms underlying gastric cancer metastasis may provide new insights into the development of novel therapies and improve patient prognosis.
A downregulation of E-cadherin, which promotes cellcell contact, and an upregulation of mesenchymal markers, such as vimentin, are characteristics of epithelial-to-mesenchymal transition (EMT). EMT molecular reprogramming causes cells to switch from an immobile epithelial phenotype to a motile mesenchymal phenotype, leading to increased cell migration and invasion [5] . Although various signaling pathways associated with EMT during tumor progression have been studied [6] [7] [8] , the signaling mechanisms involved in EMT in gastric cancer cells remain unclear.
Gastrokine 1 (GKN1) is exclusively expressed in the gastric epithelium, and is downregulated in gastric cancer [9] . GKN1 is involved in the maturation and integrity of gastric mucosal epithelial cells [10] . Previously, we reported that GKN1 possesses miR-185-dependent and miR-185-independent mechanisms, for chromatic and DNA epigenetic modifications, thereby regulating the cell cycle [11] . In addition, GKN1 inhibits EMT by downregulating reactive oxygen species production and the phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway, as well as by inactivating nuclear factor jB dependent matrix metalloproteinases [12, 13] . RhoA is a key member of the Rho family of small GTP-binding proteins and is a master regulator of actin-myosin-dependent cell contractility and cellular motility [14, 15] . Numerous studies have found that RhoA regulates the signaling pathways related to gene expression, cell proliferation, and cell migration [16] [17] [18] .
In the present study, to better clarify a possible mechanism for the inhibitory effects of GKN1 on gastric cancer progression, we assessed whether GKN1 suppresses gastric cancer cell motility and invasion by downregulating RhoA expression in gastric cancer cell lines and tissues.
Materials and methods

Mutational analysis
Thirty-five frozen gastric cancers and corresponding mucosal tissues were obtained from the Chonnam National University Hwasun Hospital National Biobank of Korea, a member of the National Biobank of Korea, which is supported by the Ministry of Health, Welfare, and Family Affairs. For gastric cancers, 23 cases were of the intestinal type and 12 were of the diffuse type. The mean cancer size was 6.5 cm. Freshly excised primary gastric cancer tissues were cut with a razor blade. The cut surfaces of each cancer sample were cryosectioned, and the 5-10-lm sections were screened by a pathologist after they had been stained with hematoxylin and eosin. Gastric cancer tissues containing more than 60 % carcinoma cells were included in this study. Approval was obtained from the Institutional Review Board of the College of Medicine of the Catholic University of Korea (CUMC09U089). There was no evidence of familial cancer in any of the patients.
To investigate the mutation of the RhoA gene, genomic DNAs from each tumor cell and the corresponding normal mucosal cells were amplified with two sets of primers covering the entire coding region of the RhoA gene. The primer sequences are described in Table 1 . Each polymerase chain reaction (PCR) procedure was performed under standard conditions, as previously described [19] . The reaction mixture was denatured at 94°C for 12 min and then incubated for 35 cycles (denaturing at 94°C for 40 s, annealing at 50-54°C for 40 s, and extension at 72°C for 40 s). A final extension step at 72°C was performed for 5 min. Sequencing of PCR products was done with a cycle sequencing kit (PerkinElmer, Foster City, CA, USA) according to the manufacturer's protocol.
Messenger RNA expression of GKN1 and RhoA
For messenger RNA (mRNA) expression, complementary DNA (cDNA) was synthesized with a reverse transcription kit from Roche Molecular Systems (Mannheim, Germany) according to the manufacturer's protocol. For quantitative PCR (qRCR), 50 ng cDNA was amplified with Fullvelocity SYBR Green qPCR master mix (Stratagene, La Jolla, CA, USA) and each of the forward and reverse primers at 20 pmol/ll with use of a Stratagene Mx 3000P qPCR system with techniques previously described [19] . The specific oligonucleotide primers for mRNA were synthesized according to published information on the GKN1 gene, as described in Table 1 . To ensure the fidelity of DNA and mRNA extraction and reverse transcription, all samples were subjected to PCR amplification with oligonucleotide primers specific for the constitutively expressed glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) and normalized. The primer sequences of GAPDH are described in Table 1 . Primers for SYBR Green analysis were designed on the basis of gene-specific nonhomologous DNA sequences. The standard curve method was used for quantification of the relative amounts of gene expression products. This method provides unitless normalized expression values that can be used for direct comparison of the relative amounts of target DNA and mRNA in different samples. We considered gastric cancer samples with RhoA mRNA expression decreased by more than 50 %. All samples were tested in duplicate, and average values were used for quantification.
RhoA expression in gastric cancer tissues
Expression of RhoA was examined in 35 frozen gastric cancers and corresponding noncancerous gastric tissues by Western blot analysis. These samples were ground to a very fine powder in liquid nitrogen with use of a mortar and pestle and suspended in an ice-cold Nonidet P-40 lysis buffer supplemented with a 19 protease inhibitor mix (Roche). Cell lysates were separated on 10 % polyacrylamide gel and blotted onto a Hybond poly(vinylidene difluoride) transfer membrane (Amersham), which was subsequently probed with anti-RhoA monoclonal antibody (Abcam), and then incubated with anti-mouse IgG conjugated with horseradish peroxidase. The protein bands were detected with enhanced chemiluminescence Western blotting detection reagents (Amersham).
Cell culture and transfection of GKN1, anti-miR34a, and anti-miR-185 AGS and MKN1 gastric cancer cells lines were cultured at 37°C in 5 % CO 2 in RPMI-1640 medium with 10 % heatinactivated fetal bovine serum. The complete GKN1 cDNA was cloned into the expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA, USA). AGS and MKN1 Cells were transfected in 60 mm-diameter dishes with GKN1 expression plasmids (5 lg total DNA) and anti-miR-34a and antimiR-185 (100 nmol) by means of Lipofectamine Plus transfection reagent (Invitrogen) according to the manufacturer's recommendations.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis
To identify the expression of RhoA following GKN1 transfection, we examined the expression level of RhoA. The following antibodies were used; anti-GKN1 (SigmaAldrich, St Louis, MO, USA), anti-RhoA, anti-c-Myc, anti-E-cadherin, anti-Snail, anti-Slug, anti-vimentin (Cell Signaling Technology, Danvers, MA, USA), anti-glyceraldehyde 3-phosphate dehydrogenase (Abcam, Cambridge, UK), anti-mouse IgG, and anti-rabbit IgG (Sigma). An ECL Plus Western blotting detection system (Amersham) was used to detect the bound antibodies. The intensity of Western blot bands was quantified with an LAS 3000 system (Fujifilm, Japan).
Measurement of cell migration and invasion assay
To examine the effects of GKN1 and RhoA on cell migration and invasion, MKN1 gastric cancer cells were transfected with wild-type GKN1 or small interfering RNA against RhoA (siRhoA) and treated with GKN1 recombinant protein (ANRT, Daejeon, Korea). Migration was assessed by an in vitro scratch wound-healing assay. A cell-free area was manually created by the scratching of the confluent cell monolayers with a 200-ll pipette tip.
Cell motility was assayed in 48-well micro chemotaxis chambers with gelatin-coated 8-lm polyvinylpyrrolidinefree polycarbonate filters (Neuroprobe, Cabin John, MD, USA). A suspension containing 6 9 10 4 cells was added to each upper chamber, and the cell number was determined by calculation of the number of cells in the lower chamber in a 920 field from three independent experiments.
Invasion was assayed in Biocoat Matrigel invasion chambers (BD Bioscience, San Jose, CA, USA) with an 8-lm pore polycarbonate filter coated with 0.5-mm Matrigel according to the manufacturer's protocol. The membranes were fixed, stained with Diff-Quick (Sysmex, Kobe, Japan), and the number of cells was counted by direct visualization of nuclei in two 920 fields.
Measurement of miR-34a and miR-185 expression
Real-time reverse transcription PCR was performed with SYBR Green qPCR master mix (Stratagene, La Jolla, CA, USA) according to the manufacturer's instructions. To investigate whether GKN1 directly regulates miR-34a and miR-185 expression, expression of miR-34a and miR-185 was also quantified by qPCR and normalized to the level of human U6 small nuclear RNA. Data are reported as relative quantities according to an internal calibrator using the 2 -44Ct method [11] . The primer sequences are shown in Table 1 .
Statistical analysis
Student's t test was used to analyze the effect of GKN1 and RhoA on cell migration and invasion. All experiments were performed in duplicate to verify the reproducibility of the findings. Data are expressed as the mean ± the standard deviation from at least two independent experiments. GKN1, RhoA, miR-34a, and miR-185 mRNA expression was examined with Wilcoxon rank sum tests. In addition, association between GKN1, RhoA, miR-34a, and miR-185 expression was examined with chi-square and Spearman correlation tests. A P value less than 0.05 was considered the limit of statistical significance.
Results
RhoA expression in gastric cancer tissues
To investigate whether RhoA is involved in the progression of gastric cancer, we analyzed RhoA protein and mRNA expression in gastric cancer tissues and the corresponding noncancerous gastric mucosae. Among the 35 gastric cancer tissues tested, 15 (42.9 %), and 17 (48.6 %) showed increased RhoA protein and mRNA expression respectively (Fig. 1a,  b) . When the gastric cancers were stratified by differentiation, RhoA overexpression was observed in 8 (34.8 %) of 23 intestinal-type and 7 (58.3 %) of 12 diffuse-type gastric cancers, respectively. When we compared RhoA mRNA expression with T category and TNM stage of gastric cancer, RhoA expression was increased in gastric cancers with a higher T category and TNM stage (Fig. 1c) .
Mutations of the RhoA gene in gastric cancer
We examined the gastric cancer tissues for the presence of any mutations that could be associated with the activation of RhoA using sequencing analysis. Unexpectedly, no RhoA mutations were detected in any of the 35 gastric cancer tissues. The experiments, including PCR and sequencing analysis, were repeated twice, to ensure the reliability of the results obtained (data not shown).
GKN1 and RhoA expression in gastric cancer
When we repeated the correlation with GKN1 and RhoA gene expression levels in gastric cancer tissues, GKN1 mRNA expression was inversely correlated with RhoA mRNA expression (P \ 0.0001; Fig. 2a ). In addition, GKN1 expression was significantly decreased in 27 (77.1 %) of the 35 gastric cancers with a higher T category (P = 0.0001) but not in those with a higher TNM stage (P = 0.1790) (Fig. 2b) . To analyze the effects of GKN1 on RhoA expression, we analyzed RhoA expression in AGS and MKN1 cells transfected with GKN1. We found that ectopic GKN1 expression markedly reduced RhoA mRNA and protein expression in both AGS and MKN1 cells (Fig. 2c, d ), indicating that GKN1 downregulates RhoA expression in gastric cancer cells.
The effect of GKN1-induced miR-185 on RhoA expression
Since we have previously reported that GKN1 induced miR-185 expression in gastric cancer cells [11] , and miR-185 is a negative regulator of RhoA by directly binding to the 3 0 untranslated region (UTR) of RhoA [20] , we investigated whether GKN1 inhibits RhoA expression in a miR-185-dependent manner. A significant increase in the expression of miR-185 was confirmed in AGS and MKN1 cells transfected with GKN1 (Fig. 3a) . Additionally, the expression of miR-185 was dramatically decreased in 22 (62.9 %) of the 35 gastric cancer tissues (Fig. 3b) . There was a positive correlation between GKN1 and miR-185 expression, and an inverse correlation between miR-185 and RhoA expression in gastric cancers (Fig. 3c, d) . Specifically, we found that miR-185 inhibited RhoA expression by binding to a plausible recognition site in the 3 0 UTR region of RhoA (Fig. 3e) , and silencing of miR-185 with anti-miR-185 resulted in the recovery of the expression of RhoA in GKN1-transfected cells (Fig. 3f) . Taken together, these results indicate that GKN1 inhibits RhoA expression through the upregulation of miR-185 expression.
The effect of GKN1-induced miR-34a on RhoA expression c-Myc is an important transcription factor for RhoA transcription [21] and represses miR-34a expression [22] . Therefore, we further investigated whether GKN1 regulates RhoA expression by upregulating miR-34a expression. Expression of miR-34a was decreased in 7 (20 %) of the 35 gastric cancer tissues (Fig. 4a) and was positively correlated with GKN1 and miR-185 expression and inversely correlated with RhoA expression (Fig. 4b) . In AGS and MKN1 cells, ectopic GKN1 expression induced miR34a expression (Fig. 4c) . GKN1 suppressed c-Myc and RhoA expression, whereas miR-34a with anti-miR-34a silencing induced reexpression of c-Myc and RhoA in GKN1-transfected cells (Fig. 4d) . As shown in Fig. 4e , miR-34a inhibited c-Myc expression by binding to a plausible recognition site in the 3 0 UTR region of c-Myc. Furthermore, miR-34a silencing led to decreased expression of miR-185 (Fig. 4f) , indicating that GKN1 may inhibit c-Myc and RhoA expression through the upregulation of miR-34a expression.
The effects of GKN1 and RhoA on gastric cancer cell migration and invasion
To determine whether GKN1 and RhoA contribute to gastric cancer cell migration and invasion, we performed in vitro wound healing, Transwell chemotaxis, and Matrigel invasion assays. Ectopic GKN1 expression, silencing of RhoA, and recombinant GKN1 treatment of MKN1 cells markedly decreased cell migration activity into the wound area, compared with that of mock transfected cells (Fig. 5a) . In addition, ectopic GKN1 expression and silencing of RhoA significantly suppressed cell migration in the Transwell microchemotaxis assays at 2 days after culture (Fig. 5b) . In a Matrigel assay, invasiveness of gastric cancer cells was also dramatically inhibited in GKN1-and siRhoA-transfected cells at 2 days after culture (Fig. 5c) . Since EMT is a critical process in cell migration and invasion [23, 24] , we further analyzed the role of GKN1 and RhoA in the expression of EMT-related proteins. In MKN1 gastric cancer cells, ectopic GKN1 expression, or silencing of RhoA, increased E-cadherin expression, and decreased the expression of RhoA, Snail, Slug, and vimentin (Fig. 5d) . Notably, treatment with The median expression level of each group is indicated by a horizontal line. GAPDH glyceraldehyde 3-phosphate dehydrogenase, N normal, T tumor recombinant GKN1 increased E-cadherin expression, and decreased the expression of the EMT-related proteins Snail, Slug, and vimentin in a dose-dependent manner (Fig. 5e) . Furthermore, silencing of miR-185 and miR-34a in MKN1 cells transfected with GKN1 increased cell migration, invasion, and expression of the EMT-related proteins Snail, Slug, and vimentin (Fig. 6) , suggesting that GKN1-induced miR-185 and miR-34a expression may inhibit gastric cancer cell migration and invasion by inactivating RhoA.
Discussion
RhoA was found to be frequently overexpressed in 15 (42.9 %) of the gastric cancer tissues tested compared with the corresponding noncancerous gastric mucosae, and its overexpression was closely associated with more advanced pathological T category and TNM stage (Fig. 1) . These results are consistent with those of previous studies [25, 26] and suggest that RhoA is involved in the progression of gastric cancers, acting as an oncogene. When the gastric cancers were stratified by differentiation, we found no significant difference in RhoA overexpression between intestinal-type and diffuse-type gastric cancers, indicating that RhoA contributes to the tumorigenesis of both types of gastric cancers.
Recently, RhoA mutations have been detected in gastric cancers, especially of diffuse type [27] [28] [29] . From these observations, it is possible that mutant RhoA might cause defective RhoA signaling, which would promote cancer cell migration and invasion, especially in diffuse-type gastric cancer. In contrast, no somatic mutation of RhoA was detected in this study, suggesting that somatic mutations may not be a cause of RhoA activation in these gastric cancers (data not shown). As the gastric specific tumor suppressor GKN1 was frequently downregulated in gastric cancers [19] , we analyzed GKN1 inactivation as a possible cause of RhoA overexpression. In our analysis of RhoA and GKN1 expression in gastric cancers, GKN1 mRNA expression was inversely correlated with RhoA expression (Fig. 2a) , and markedly decreased in gastric cancers with a higher T category and TNM stage (Fig. 2b) . In addition, ectopic expression of GKN1 in AGS and MKN1 cells dramatically downregulated RhoA expression (Fig. 2c, d) . These results further support the idea that deregulation of RhoA signaling may be caused by genomic abnormalities Fig. 2 Gastrokine 1 (GKN1 other than RhoA mutations [30] , and suggest that GKN1 possesses a tumor suppressive capability, through the inactivation of RhoA.
Next, to identify the potential molecular mechanisms involved in the regulation of RhoA expression by GKN1, we analyzed miR-185, which is known to directly target RhoA [20] . We had previously found that GKN1 induces miR-185 expression in gastric epithelial cells and that miR-185 plays an inhibitory role in cell proliferation [11] . In the present study, we have shown that GKN1 induces miR-185 expression in AGS and MKN1 gastric cancer cells (Fig. 3a) . In addition, miR-185 expression was significantly decreased in gastric cancers (Fig. 3b) , and its expression was positively associated with GKN1 expression and inversely correlated with RhoA expression (Fig. 3c, d) . Furthermore, we found that GKN1-induced miR-185 inhibits RhoA expression by binding to a plausible recognition site in the 3 0 UTR region of RhoA (Fig. 3e) . In AGS and MKN1 gastric cancer cells, ectopic GKN1 expression completely inhibited RhoA expression, 
0 untranslated region of RhoA. f GKN1-transfected AGS and MKN1 cells showed complete downregulation of RhoA expression, but cotransfection of GKN1 and anti-miR-185 resulted in recovery of RhoA expression. The blot is a representative result of two individual experiments. GAPDH glyceraldehyde 3-phosphate dehydrogenase whereas miR-185 silencing, with anti-miR-185, restored the GKN1-induced RhoA expression (Fig. 3f) , suggesting that GKN1-induced miR-185 may inhibit gastric carcinogenesis by downregulating RhoA expression.
Interestingly, miR-34a, a pivotal member of the p53 network, was found to be downregulated in several types of tumor, and was reported to act as a tumor suppressor [31] . In addition, miR-34a inhibited tumor invasion and e Prediction schema of the binding sites between miR-34a and the 3 0 untranslated region of c-Myc. f GKN1-transfected AGS and MKN1 cells dramatically increased miR-185 expression, whereas cotransfection of GKN1 and anti-miR-34a downregulated the GKN1-induced miR-185 expression. We repeated the experiments twice, and demonstrated consistency metastasis in gastric cancer by targeting Tgif2 [32] . As GKN1 downregulates c-Myc expression, and miR-34a directly targets c-Myc [33] , we investigated whether GKN1 induces miR-34a expression, and how miR-34a regulates the expression of RhoA. As expected, miR-34a expression was significantly decreased in gastric cancers (Fig. 4a) , and its expression was positively associated with GKN1 and miR-185 expression and inversely correlated with RhoA expression in gastric cancers (Fig. 4b) . As shown in Fig. 4c and d, GKN1 upregulated the expression of miR-34a and decreased the expression of c-Myc and RhoA. We also found a plausible binding site of miR-34a in the 3 0 UTR region of c-Myc (Fig. 4e) . When we c-transfected AGS and MKN1 cells with GKN1 and anti-miR-34a, GKN1-induced expression of miR-185 was markedly inhibited (Fig. 4f) . c-Myc inhibits miR-185 expression by binding to a promoter of miR-185 [11] , and as such it is likely that c-Myc expression, induced by miR-34a silencing, leads to the inhibition of miR-185 expression.
Since RhoA primarily mediates signaling pathways related to cell growth, transformation, and migration [34] , we investigated whether GKN1 inhibits RhoA-induced EMT, cell migration, and invasion. MKN1 gastric cancer cells were also subjected to small interfering RNA mediated silencing of RhoA to explore the role of RhoA in gastric cancer in vitro. A near complete inhibition of cell migration was observed in GKN1-and siRhoA-transfected cells and cells treated with recombinant GKN1 (Fig. 5a ). In the chemotaxis and Matrigel assays, ectopic GKN1 expression and silencing of RhoA with siRhoA significantly suppressed cell migration and invasion (Fig. 5b, c) . In addition, GKN1 expression and RhoA silencing induced E-cadherin reexpression, and elicited suppression of RhoA, Snail, Slug, and vimentin expression (Fig. 5d) . Moreover, treatment with recombinant GKN1 modulated expression of these EMT-related proteins in a dose-dependent manner (Fig. 5e) . These results are consistent with the data showing that RhoA silencing inhibits proliferation and migration of MGC-803 gastric cells [35] , and suggest that GKN1 may suppress gastric carcinogenesis by downregulating RhoA expression, and as such may be an effective therapeutic target for gastric cancer.
Determining factors underlying gastric cancer cell invasion is important for a general understanding of the progression and treatment of gastric cancer. Recently, it has been reported that RhoA activation is required for Wnt5a/PI3K/Akt/glycogen synthase kinase 3b activity and that Wnt5a/PI3K/Akt/glycogen synthase kinase 3b/RhoA signaling may contribute to cell migration [36] . Our previous study demonstrated that GKN1 inhibits gastric cancer migration and invasion through suppression of reactive oxygen species and the PI3K/Akt pathway [12] . Here, the fact that GKN1 inhibits RhoA expression implies that GKN1-induced miR-185 and miR-34a expression can modulate gastric cancer cell migration and invasion. Notably, silencing of miR-185 and miR-34a restored the cell migration and invasion that were significantly inhibited by GKN1 (Fig. 6a, b) . Additionally, GKN1 completely suppressed the expression of EMT-related proteins, whereas silencing of miR-185 and miR-34a induced their expression (Fig. 6c, d) . Hence, these findings suggest that GKN1 inhibits gastric cancer cell migration and invasion via both inactivating the PI3K/Akt signaling pathway and targeting RhoA by upregulating miR-185 and miR-34a. Further studies are needed to identify the effects of miR34a and miR-185 on the PI3K/Akt signaling pathway.
In summary, we have shown that the expression of the gastric tumor suppressor GKN1 and that of miR-185 and miR-34a were downregulated and inversely correlated with RhoA expression in the 35 gastric cancer tissues tested. In gastric cancer cell lines, GKN1 induced miR-185 and miR34a expression, and demonstrated a substantial inhibition of gastric cancer cell migration and invasion by directly binding to RhoA. Therefore, we conclude that GKN1 could inhibit the progression of gastric cancer via its negative regulation of RhoA expression, and may be a novel therapeutic target for gastric cancer.
